This study was performed to assess the changes in pulmonary mechanics before and after tracheostomy in patients with prolonged mechanical ventilation and to detect pre-tracheostomy physiologic factors that predict the outcome of weaning from mechanical ventilation. Pulmonary mechanics were recorded before and after tracheostomy in 20 patients. Work of breathing, mean airway resistance and pressure/time product showed no significant differences after tracheostomy. Peak inspiratory pressure was significantly reduced (pre 33.4±11.8 vs post 28.6±9.2 mmHg). There was no difference in age or duration of mechanical ventilation between two different groups according to the outcome (weaned and not-weaned). Pre-tracheostomy intrinsic positive end expiratory pressure (PEEP i ) was significantly lower in the weaned group (1.1±1.6 vs 2.7±1.4 mmHg). A significant difference was also found in pre-tracheostomy compliance (C static ) (47.3±36.9 vs 28.8±16.5 ml/cmH 2 O). We concluded that tracheostomy changed pulmonary mechanics very little except for a fall in peak inspiratory pressure. Patients who had better underlying lung mechanics (higher C static and lower PEEP i ) had better chances of weaning from mechanical ventilation after tracheostomy.
Tracheostomy offers advantages for long-term respiratory support. In some patients, it appears to improve clinical status and facilitate weaning. The mechanisms for this are ill-defined. The work of breathing has been demonstrated to be comparable between endotracheal (ETT) and tracheostomy tubes (TT) of identical size 1 , although the ETT is significantly longer than the TT. One clinical study suggested that decreased airway resistance and intrinsic positive end expiratory pressure (PEEPi) play a partial role in freeing the patient from mechanical ventilation after tracheostomy 2 .
The aim of this study was to assess the changes in pulmonary mechanics before and after tracheostomy in patients with chronic lung disease requiring prolonged mechanical ventilation and to determine the factors that predict the outcome of weaning from mechanical ventilation.
MATERIALS AND METHODS Patients
Twenty-three subjects initially entered our study, but three were excluded due to post-tracheostomy complications. Twenty adult patients with chronic lung disease (17 men and three women) completed the study. The diagnosis of chronic lung disease included chronic obstructive pulmonary disease (n=14) and bronchiectasis (n=6). The patients' ages ranged from 43 to 80 years (mean, 68 years). The study population characteristics and their ventilatory settings prior to tracheostomy are presented in Table 1 .
Indication for surgical tracheostomy was prolonged mechanical ventilation for further care. Four patients had preceding failed weaning while weaning had not been attempted in the remaining 16. Each patient's clinical condition was stable before consideration for tracheostomy. Changes in ventilator settings were guided by a pulmonary physician who did not know the detailed data of the measured lung mechanics and adjusted all the modes on the basis of clinical judgment. An ETT of 7.0 mm internal diameter (size 7.0) was used for three patients, size 7.5 for 15 patients, and size 8.0 for two patients before tracheostomy. A TT of identical internal diameter was used to replace the ETT.
Measurement of Respiratory Mechanics
The procedure was approved by the Ethics and Critical Care Committee of the hospital. Consents were obtained from the patients' families. Twentyfour hours prior to the operation, a SmartCath oesophageal catheter (Bicore Monitoring Systems Inc; Irvine, CA, U.S.A.) was inserted to the lower third level of the oesophagus, with placement confirmed by a sniff test. A disposable VarFlex Flow Transducer (Bicore Monitoring Systems Inc; Irvine, CA, U.S.A.) was positioned between the Y-piece of the breathing circuit and the ETT or the TT following tracheostomy. Both oesophageal and flow sensor tubes were connected to a microprocessor-based monitor (CP-100; Bicore Monitoring Systems Inc; Irvine, CA, U.S.A.). A series of measurements of pulmonary mechanics were recorded breath by breath for 10 minutes while the patient's breathing pattern was kept stable for at least 30 minutes. The measurements included respiratory rate (RR), tidal volume (V T ), peak inspiratory pressure (PIP), intrinsic positive end expiratory pressure (PEEP i ), static lung compliance (C static ), mean airway resistance (RAW M ), patient work of breathing (WOB p ), pressure time product (PTP).
PEEP i was defined as the difference in oesophageal pressure from the end of expiration to the start of inspiratory flow. C static was defined as the change in volume from the beginning of inspiration to the inspiratory hold manoeuvre (plateau) divided by the change in airway pressure. RAW M was calculated from the difference in transpulmonary pressure divided by the difference in flow taken at the same volume during the entire respiratory cycle. WOB p is an integration of the negative oesophageal pressure during inspiration times flow plus chest wall work divided by tidal volume and was determined as follows: WOB p =(P EE -P ES )dV+V p *V p /2*C cw (P EE =end-expiratory oesophageal pressure, P ES = oesophageal pressure at the beginning of the breath, dV=flow, V p =patient portion of tidal volume, C cw =chest wall compliance is assumed to be 200 ml/cmH 2 O). PTP is an estimate of the metabolic work (oxygen consumption) of the respiratory muscles. It was measured as the integral of oesophageal pressure and time for the duration of the contraction of the respiratory muscles. PTP=[(P EE -P ES )+(Vol/C cw )] dt/tmin (PEE=endoesophageal pressure; P ES =current oesophageal pressure; Vol=current tidal volume; C cw =chest wall compliance; dt=sample time; tmin=duration of breath in minutes). All the digital parameters derived from the Bicore CP-100 were recorded continuously breath by breath and stored on a personal computer in spreadsheet form for subsequent retrieval and analysis.
The same procedure was repeated 24 hours after tracheostomy. The ventilator settings and mode were the same during the two courses of measurement. No sedation or hypnotic was used during measurement. Any postoperative complication which might have affected the measurements, such as bleeding, fever or subcutaneous emphysema, was also recorded and the patient was excluded from the study. Patients were then divided into two groups according to their outcome after two weeks' follow-up. Group 1 included eight patients who were completely weaned from the ventilator; group 2 included 12 patients who remained ventilator-dependent or who had died.
Statistics
Data, presented as the mean+SD, were analyzed using Student's t test. A P value <0.05 represented statistical significance.
RESULTS

Comparison between pre and post-tracheostomy measurements
RAW M , WOB p and PTP showed no significant differences through tracheostomy ( Table 2 ). Only PIP was significantly reduced.
Comparison of pulmonary mechanics between the two groups with different outcomes
There was no difference in age or duration of mechanical ventilation between these two groups of patients categorized according to the weaning results. Significant difference was shown between the two groups in pre-tracheostomy PEEP i and C static (1.1+1.6 vs 2.7+1.4 mmHg in PEEP i ; 47.3+36.9 vs 28.8+16.5 ml/cmH 2 O in C static, P<0.05)
DISCUSSION
The main findings of our study were 1) that tracheostomy reduced the peak inspiratory pressure significantly; and 2) that measurement of pulmonary mechanics before tracheostomy could be useful for predicting the weaning from mechanical ventilation.
As for the physiologic changes associated with artificial airways, fewer studies have been conducted via a TT than an ET. The pressure drop across tracheostomy tubes has been measured by Yung and Snowden 3 . Similarly, Cavo et al calculated that tracheostomy tubes (size Fr. 8 or smaller diameter) showed airflow resistances greater than those of upper airways 4 . Cullen showed that pulmonary resistance tended to be higher when patients breathed through tracheostomy tubes than when they breathed through the mouth 5 .
Tube diameter is the most important variable, and it was determined that the pressure drop down the tube is inversely related to the fourth power of the radius for fully developed laminar flow and the fifth power for fully developed turbulent flow in an ETT study 6 . Therefore, it is important to use tubes of similar diameters to compare resistance.
Plost and Campbell compared the WOB through ETT and TT in greyhound dogs at various minute ventilations 1 . They showed that for ETT and TT of the same internal diameter, the WOB, which reflects the pressure required to generate a certain flow, is similar even though the ETT is significantly longer than the TT. The curve in the TT apparently adds sub- stantially to the flow resistance and partially makes up for the reduced length. However, Davis et al have demonstrated the shorter, more rigid TT results in a significantly lower imposed WOB and peak negative pressure than an equivalent sized ETT in a lung model study 7 . In contrast to the aforementioned studies, we found no significant change of RAW M and WOB p . PIP was the only parameter which was reduced significantly. It is noteworthy that Wright and colleagues 8 found in vivo ETT resistance to be grossly underestimated from in vitro data, which may explain in part the difference between Davis's results and our own. The relationship between the pressure drop and flow rates for tubes of the same length and different internal diameters is such that as the flow rate increases, the pressure drop increases linearly until turbulent flow occurs 9 . In our study, we did not use constant flow rates and the same mechanical ventilation modes for all patients. The reasons for these were 1) variable underlying patient conditions made the uniform setting of mechanical ventilation impractical; 2) the different timing of tracheostomies also made the adjustment difficult and 3) deliberately fixing the ventilator setting would underestimate the patient's true work through the artificial airway under mechanical ventilation.
The explanation for our finding of a decreased airway peak inspiratory pressure through the tracheostomy may be a result of the decrease in deadspace ventilation 5 and partially due to a decrease in patients' discomfort by TT as compared with ET. Davis et al demonstrated decreased expiratory airway resistance and intrinsic end-expiratory positive pressure levels in their 14 trauma patients 2 . However, they made no mention about the modes or flow used during mechanical ventilation.
Work of breathing was recently proposed as a tool to predict weaning success 10, 11 . Fiastro et al suggested that WOB in patients requiring prolonged mechanical ventilation may be a better reflection of a patient's ability to be weaned than the standard weaning parameters that are often used 10 . In addition, Kirton et al stressed the important difference between imposed WOB, i.e., imposed work of an ETT and breathing apparatus, and physiologic WOB (the patient's actual physiological WOB) 11 . Physiological WOB was found to be more accurate for predicting the outcome of weaning. Conversely, Levy et al showed that WOB alone is inadequate as a weaning parameter 12 . The key differences between these studies were different disease categories of patients and different cut-off values for weaning trials. We used physiological WOB under mechanical ventilatory support as a parameter and did not find any positive influence of WOB on weaning outcomes in the patients with underlying chronic lung disease requiring prolonged mechanical ventilation after tracheostomy.
PTP has been claimed to be an important indicator of actual patient effort to breathe 13 . Any isometric muscle contraction exerted by the patient to overcome PEEP i or to open the inspiratory demand system results in no tidal volume change, and therefore accomplishes little or no measurable work. In this case, PTP may reflect the patient's muscular effort more faithfully than the work of breathing 14 .
Our studies showed no significant difference both in PTP and WOB through tracheostomy .
Static compliance was also cited as a useful early predictor of weaning success 15 . Before undergoing tracheostomy, either the patient's family or the physician in charge might raise the question: "Would a tracheostomy be beneficial for weaning the patient from mechanical ventilation?" Our results suggest that pre-tracheostomy compliance (C static ) may be a good parameter of lung mechanics for predicting which patients will benefit from TT and eventually be successfully weaned from the ventilator. Due to our limited number of patients, we did not attempt to make a definite discrimination point as Zanotti et al 15 did in their work. In their study, the threshold value of 88.5 ml/cmH 2 O was identified as the early separation point between weaned and failed groups. Additionally, the positive end expiratory pressure level also played a role in predicting the successfully weaning from ventilators. A significant finding was noted in our study. Lung compliance and intrinsic-PEEP were good predictors for successful weaning through tracheostomy.
As for modes of mechanical ventilation, we found those patients who had already undergone a weaning trial, either on synchronized intermittent mandatory ventilation (SIMV) or on the pressure support (PS) mode, had a better chance of successful weaning than those who were still on the assist/control mode before tracheostomy (data not shown). Recently there have been some well designed case-control studies to determine the superiority of PS or the T-piece in weaning 16, 17 . No conclusion about the superiority of specific modes can be made from our study. Patients who have been in the process of weaning, probably due to their improving lung mechanics, may have a higher probability of successful weaning.
We conclude that in patients with chronic lung disease requiring prolonged mechanical ventilation, tracheostomy decreases PIP significantly and does not change RAW M , WOB p and PTP. Patients who have better underlying pulmonary mechanics, i.e. higher C static and lower PEEP i , have a better chance of being weaned from mechanical ventilation after tracheostomy.
